Three Agrobacterium rhizogenes strains were tested for their ability to transform the plant Morus alba L. and to induce production of the secondary metabolites betulin and betulinic acid. All the tested strains of A. rhizogenes (R1601, LBA9402 and R1000) were able to induce hairy root formation in leaf tissue explants. Strain LBA9402 had the highest rate of infection (92.7% ± 8.8%), whereas strain R1601 had the lowest rate (87.4% ± 9.3%). The highest number of hairy roots per explant (5.6 ± 0.5) and the greatest root length (2.4 ± 0.2 mm) were obtained with strain LBA9402. We also evaluated dry weight (a measure of growth) and betulin and betulinic acid production in hairy roots and found that the highest growth (167.8 ± 14.5 mg/flask) occurred after infection with strain LBA9402. Furthermore the highest production of betulin (5.4 ± 0.4 mg/g dry weight) and betulinic acid (2.3 ± 0.2 mg/g dry weight) was noted using strain LBA9402. Among three elicitors, yeast extract showed the highest induction of betulin production (8.7 ± 0.4 mg/g) and silver nitrate induced the highest yield of betulinic acid (4.1 ± 0.2 mg/g). Our study showed that A. rhizogenes strain LBA9402 was the most effective of the three tested strains for production of transformed root cultures and betulin and betulinic acid.
Agrobacterium rhizogenes (family Rhizobiaceae) is a gramnegative soil bacterium that can induce the development of hairy roots at the site of infection in plants. A. rhizogenes conveying hairy root-inducing (Ri) plasmids can be used to introduce T-DNA (Transfer-DNA) into plant cells to cause "hairy root" diseases in plants [1a] . Hairy root cultures (HRCs) induced by A. rhizogenes are currently well established in a large number of plant species [1b] . Furthermore, there is a substantial interest in crown gall cultures on account of their genetic and biochemical stability, rapid growth rate, and capacity to produce relatively higher amounts of secondary metabolites [1c-e].
Mulberry (Morus alba L.), belongs to the family Moraceae and is widely cultivated in East Asia [2a] . Industrially, the plant has been used in oriental medicine and as a food source for the silkworm (Bombyx mori). Mulberry root bark has been prescribed for antipyretic, anti-inflammatory, and diuretic purposes, and as a sedative in traditional medicine [2b] . Previous Betulin is a naturally occurring triterpene consisting of three active sites-a primary hydroxyl group at C-28, a secondary hydroxyl group at C-3, and a double C-C bond at C-20-where chemical modification can be conducted to produce various derivatives [3] . Therefore, betulin, as a precursor, is often simply converted to betulinic acid by biotransformation or chemosynthesis [4] . Both of these compounds exhibit a broad range of pharmacological, physiological, and biological activities, including an anti-HIV activity and cytotoxicity against various tumor cell lines [4] [5] [6] [7] . Additionally, Kessler et al. recently reported anticancer activity against a wide range of cancers [8] .
Elicitors are molecules that promote upregulated accumulation of specific secondary metabolites when injected in small amount into a living cell, root, or hairy root culture. The chemicals have been successfully introduced for the induction and enhancement of secondary metabolite production in many plant species [9] [10] [11] [12] [13] . The elicitors salicylic acid and yeast extract, for example, have been shown to markedly increase mulberroside A accumulation in both root and cell suspension cultures of Morus alba [10] . Furthermore, the addition of silver nitrate (AgNO 3 ) and yeast extract significantly increased rosmarinic acid contents in cell cultures of Agastache rugose [11] . Similarly, sorghum roots treated with jasmonates showed enhanced biosynthesis of sorgoleone [12] , and salicylic acid and AgNO3 promoted higher accumulations of alkaloids in Brugmansia candida hairy roots [13] . There are aims to establish a hairy root system in mulberry for large-scale production of betulin and betulinic acid using methyl jasmonate, yeast extract, and AgNO 3 as abiotic elicitors. Hairy root cultures can be employed to achieve the enhanced accumulation of secondary metabolites from plants. In the present study, we evaluated the induction of hairy roots and the accumulation of betulin and betulinic acid in M. alba using different strains of A. rhizogenes, and also investigated the effects of different elicitors on plant secondary metabolites. We examined the ability of three A. rhizogenes strains (R1601, R1000, and LBA9402) to transform M. alba and induce the production of betulin and betulinic acid therein. Hairy roots were induced from excised leaf sections (square shaped) inoculated with the three strains. Injured M. alba. explants were vulnerable to infection with the A. rhizogenes strains, as demonstrated by the percentage of leaf sections in which hairy roots were induced. All three strains used in this study induced hairy roots at the infection site in mulberry leaves. We observed that there were no morphological differences among the hairy roots produced by the three strains. Table 1 shows that infection frequencies of the three strains were as follows: LBA9402 (92.7% ± 8.8%), R1000 (87.4% ± 9.3%), and R1601 (85.1% ± 7.4%). Thirty days after inoculation, the largest number of hairy roots (5.6 ± 0.5) per explant was observed in explants infected with strain LBA9402, followed by R1000 (4.3 ± 0.3), and R1601 (4.1 ± 0.4). The longest hairy roots were observed in explants inoculated with LBA9402 (2.4 ± 0.2 mm) followed by R1601 (2.1 ± 0.1 mm) and R1000 (1.9 ± 0.2 mm). The DW and triterpene (betulin and betulinic acid) accumulation in mulberry hairy roots were measured after harvest. The highest weights (175 ± 8.7 mg/flask) were found for hairy roots induced by LBA9402 followed by 153 ± 12.6 mg/flask for strain R1000 and 142.7 ± 13.8 mg/flask for strain R1601 (Table 1) . These results were paralleled by those obtained from triterpene analysis. The HPLC results showed that the highest amount of betulin (5.44 ± 0.41 mg/g DW) was induced by LBA9402, followed by R1000 (4.95 ± 0.49 mg/g DW) and R1601 (4.79 ± 0.52 mg/g DW). The highest amount of betulinic acid (2.39 ± 0.15 mg/g DW) was induced by LBA9402, followed by R1601 (1.83 ± 0.10 mg/g DW) and R1000 (1.76 ± 0.21 mg/g DW) ( Table 2) . The influence of abiotic elicitors (yeast extract, methyl jasmonate, and AgNO 3 ) on the production levels of betulin and betulinic acid was then examined. The hairy root line induced by LBA9402 was chosen for the further study since the line showed the highest growth and production of betulin and betulinic acid in Table 1 and  Table 2 . Among the three elicitors, yeast extract promoted the highest production of betulin 8.76 ± 0.21 mg/g, whereas methyl jasmonate and silver nitrate induced lower levels of betulin production. Compared with other elicitors, the highest levels of betulinic acid (4.11 ± 0.29 mg/g) were obtained following the addition of silver nitrate (Table 3) .
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Recently, some researchers have investigated the differential effectiveness of A. rhizogenes strains on the emergence, growth and development of hairy root lines, as well as on the accumulation of various secondary metabolites. For example, Ionkova et al. reported the effect of different A. rhizogenes strains, including R1601, ATCC15834, TR105, and LBA9402, on the growth and saponin contents in hairy root cultures of Astragalus mongholicus [15] . Different Agrobacterium strains have also been shown to affect the formation, growth, and accumulation of tropane alkaloids in transgenic hairy roots of Hyoscyamus muticus [16, 17] . Furthermore, the hairy root culture system of Rubia akane Nakai is well-estabilished using five Agrobacterium strains (13333, 15834, R1000, R1200, and R1601), which showed differential efficiency regarding hairy root induction and anthraquinone production [18] . Apparently, the choice of an efficient Agrobacterium strain for the production of hairy roots and their secondary metabolites is highly dependent upon the plant species, and should be carefully determined based on research and experience.
Well-established hairy root systems would provide advantages for metabolic engineering of secondary metabolite pathways to increase the biosynthesis of plant natural products. Kim et al. reported the enhancement of triterpene concentrations in Panax ginseng hairy roots via triterpene biosynthetic pathway engineering involving the overexpression of mevalonate-5-pyrophosphate decarboxylase and farnesyl pyrophosphate synthase [19] . Similarly, metabolic engineering using the maize C1 transcription factor in hairy root cultures of Salvia miltiorrhiza resulted in enhanced levels of diterpenoids [20] . Additionally, increased morphinan alkaloids in hairy root cultures of Papaver bracteatum were obtained through overexpression of codeinone reductatse (CodR), which is involved in morphine and codeine biosynthesis [21] .
In the present study, we report hairy root production induced by three different strains of A rhizogenes and show differences in infection frequency; number, length, and dry weight of roots; and betulin and betulinic acid production in M. alba. Among these three strains, A. rhizogenes LBA9402 was shown to be the best for production of betulin and betulinic acid in the hairy roots of M. alba. Thus, we can conclude that the hairy roots of M. alba provide an ideal system for the production of betulin and betulinic acid. Factors for M. alba hairy root cultures were optimized and a positive significant correlation was found between elicitor treatment and production of secondary metabolites. To the best of our knowledge, this is the first study to report on the production of betulin and betulinic acid in hairy root cultures of M. alba.
In conclusion, this report describes the first effective A. rhizogenesmediated transformation method for establishment of an M. alba hairy root culture system, based on a comparison of the effectiveness of A. rhizogenes strains LBA9402, R1000, and R1601. All three strains promoted hairy root induction and the production of betulin and betulinic acid, although at different levels, with strain LBA9402 showing the best performance in this respect. On the basis of our observations, we conclude that M. alba is a promising and suitable candidate for research into the production of betulin and betulinic acid using hairy root cultures.
Establishment of hairy root cultures in Morus alba
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Experimental
Seed sterilization and germination: Seeds of the cultivar "Chung Il" were obtained from National Academy of Agricultural Science, Rural Development Administration (Wanju, Korea). The seeds were sterilized with 70% (v/v) ethanol for 2 min and 4% (v/v) sodium hypochlorite (NaClO) for 10 min. Thereafter, the seeds were rinsed three times in sterilized distilled water. Five seeds were aseptically placed on 30 mL of Murashige and Skoog (MS) basal medium [14] adjusted to pH 5.8 and solidified with 0.7% (w/v) agar. The seeds were germinated and grown at 25 °C under a 16-h photoperiod in a growth chamber equipped with standard cool white fluorescent tubes with a flux rate of 35 µmol s -1 m -2
Growth of Agrobacterium rhizogenes: Three A. rhizogenes strains (R1601, R1000 , and LBA9402), maintained as glycerol stocks stored at -70 °C, were cultured in Luria-Bertani medium. Each strain was incubated overnight at 28 °C with constant shaking (180 rpm) to mid-log phase (OD 600 = 0.5). Cells were collected by centrifugation for 10 min at 1700 × g (3000 rpm) and resuspended in liquid MS medium. For inoculation, the cell density of A. rhizogenes was adjusted to an A 600 of 1.0.
Establishment and culture of hairy roots: Leaves were taken from sterile mulberry plants grown in vitro and were excised at the ends to produce 6 × 6 mm sections. The square leaf sections were soaked thoroughly with a culture of each of the three A. rhizogenes strains for 10 min, then blotted dry on sterile filter paper. Thereafter, the explants were placed on agar-solidified MS medium and co-cultured in the dark condition at 25C for 2 days. The tissue explants were then transferred to solid basal MS medium containing 500 mg/L cefotaxime. Many hairy root lines actively emerged from the infection sites within 2 weeks. Each line was isolated from the explant and sub-cultured on basal medium containing 250 mg/L cefotaxime in the dark at 25 C. After repeated transfers to cefotaxime-free medium to confirm aseptic conditions, rapidly growing hairy roots were aseptically obtained. The separated roots (0.5 g) were transferred to 30 mL of liquid basal MS medium in 100-mL flasks and then cultured on a gyratory shaker (100 rpm) at 25 °C. After 28 days of culture, hairy roots were harvested using liquid nitrogen and freeze-dried at -80 °C for 72 h. Polymerase chain reaction (PCR) was carried out using a previously described primers for the fragments of rol genes (A, B, C and D) [22] . The PCR products of rol A (300 bp), rol B (750 bp), rol C (520 bp) and rol D (1000 bp) in all of the transgenic mulberry hairy roots confirmed the establishment of transformation. The dry weights (DW) of the root material were then measured and triterpene (betulin and betulinic acid) contents were assessed. For elicitor treatment, the hairy root line induced by LBA9402 was used, and three different elicitors [methyl jasmonate (100 µm), yeast extract (1 g/L), and AgNO 3 (5 mg/L)] were added to the liquid basal medium, respectively. After 25 days of hairy root culture, the hairy roots were transferred to the liquid basal medium containing each elicitor. The control meant that hairy roots were incubated in the liquid basal medium without any elicitors. The hairy roots were incubated for 72 h and then harvested using liquid nitrogen and stored at −80 °C until being subjected to highperformance liquid chromatography (HPLC) analysis. All the experiments were performed in triplicate. After centrifugation (3,000 rpm) and filtration into vials using a 0.45-μm Acrodisc syringe filter (Pall Corp., Port Washington, NY), betulin and betulinic acid were isolated on a ProntoSIL 120-5 C18 ace-EPS column (150 × 4.6 mm, 5 μm; ProntoSIL, Bollinger, Germany) in a Futex NS-4000 HPLC system (Futex Chromatography, Daejeon, Korea). The HPLC analysis condition were the same as those described in a previous study [25] . The mobile phase was composed of acetonitrile and water (9:1), the column temperature was set at 25 °C, the detection wavelength was 210 nm, and the injection volume was 20 μL. All the samples were analyzed in triplicate. Betulin and betulinic acid were identified according to retention times and spike experiments and quantified by reference to the corresponding calibration curves, constructed by plotting 5 different concentrations of betulin and plotting 4 different concentrations of betulinic acid. The linear equations were y = 1.0676x -2.734 (R 2 = 0.9983) for betulin and y = 1.1899x -0.9986 (R 2 =0.9986) for betulinic acid. The values obtained are presented as means ± SD.
High-performance liquid chromatography analysis:

Statistical analysis:
Statistical analysis of the experimental data was performed using the Statistical Analysis System (SAS, system 9.4, 2013; SAS Institute, Inc., Cary, NC, USA). All values are presented as the means ± standard deviation of triplicate experiments. Data were statistically evaluated by analysis of variance (ANOVA), and subjected to comparison using Duncan's multiple range test (DMRT) at p < 0.05.
